The purpose of this study was to test the hypothesis that systolic and diastolic dysfunction in left ventricular pressure-overload hypertrophy is caused by abnormal intracellular calcium handling. Experiments were performed with intact, buffer-perfused, isovolumic ferret hearts (n=9 hypertrophied, n=9 control) that were loaded with the bioluminescent indicator aequorin to monitor changes in cytoplasmic calcium. In each experiment, left ventricular pressure and intracellular calcium transients were simultaneously recorded. Compared with their age-matched controls, significant hypertrophy of the left ventricle developed 4 weeks after postvalvular aortic banding; at the time the animals were killed, the left ventricular weight/body weight ratio was increased in the banded animals (5.3x10-3 versus 3.6x1i0-, p<0.001). As indicated by the diastolic pressure-volume relation, left ventricular distensibility was significantly diminished in the hypertrophied hearts. In comparison to the controls, the hypertrophied hearts demonstrated a prolonged duration of isovolumic contraction (time to 90% decline from peak: 278±5.4 versus 247± 10.2 msec,p<0.05), but a marked decrease in peak systolic midwall stress (22.4±5.0 versus 38.6±5.7 g/cm2, p<0.05). The increased duration of isovolumic contraction correlated with a similar prolongation of the calcium transient (time to 90% decline from peak: 245+19.5 versus 127± 13.2 msec,p <0.05), indicating that the rate of sequestration and perhaps release of calcium by the sarcoplasmic reticulum is decreased in hypertrophy. In contrast, control and hypertrophied hearts had similar peak systolic calcium levels (pCa: 6.4±0.2 versus 6.6±0.1, p=NS), indicating that the diminution in peak left ventricular midwall stress developed by the hypertrophied hearts was not due to decreased availability of activator calcium. We conclude that the prolonged time course of left ventricular pressure development, but not the diminished peak isovolumic midwall stress or decreased diastolic distensibility, may be related to alterations in intracellular calcium handling. (Circulation Research 1991;69:1538-1545 V arious models of pressure-overload hypertrophy demonstrate alterations in myocardial structure and function.1-4 Impairment of contractile function, abnormalities in myocardial energetics, and alterations in calcium handling have been documented in papillary muscles and trabecuFrom the Charles A. Dana Research Institute and the Harvard-
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Materials and Methods Banding Procedure
In preparation for this study, nine young male ferrets with a mean age of 63±4 days underwent postvalvular aortic banding. Aortic bands were constructed of microbore tubing (Tygon S-54-HL, size 030*090) with surgical steel and 3.0 silk suture passed through the lumen. Anesthesia with halothane and nitrous oxide was administered by mask induction, followed by intramuscular ketamine (20 mg/kg), xylazine (2 mg/kg), and atropine (0.01 mg/kg). Animals Hearts were enclosed in a light-tight box designed for aequorin studies by Blinks'2 and modified for the Langendorff-perfused heart as previously described by Kihara et Superimposed aequorin signals and left ventricular pressure tracings recorded from representative control and hypertrophied hearts are shown in Figure 1 . In both hearts, note the characteristic rapid rise of the aequorin light signal that precedes the corresponding mechanical event. In the hypertrophied preparation both the Ca'+i transient and isovolumic relaxation are prolonged, as indicated by the arrows. Figure 2 demonstrates the relation between left ventricular balloon volume and end-diastolic pressure. Diastolic pressures were significantly higher in the hypertrophied hearts at balloon volumes greater than 0.1 ml (p<0.05). Figure 3 demonstrates the effect of increasing perfusate calcium concentration on the aequorin light signal and left ventricular function. Although no differences in peak systolic pressures were noted at any calcium concentration, when normalized for left ventricular geometry and expressed as peak systolic midwall stress, contractile function was depressed in the banded group (p<0.05) at 2 and 8 mM perfusate calcium, as indicated in Figure 4 . The percent of maximal developed pressure and light were compared at increasing calcium concentrations ( Figure 5 ). At lower calcium concentrations, the hypertrophied hearts appeared to be more maximally activated because the dose-response relation was positioned to the left of the controls. At 2 mM extracellular calcium and above, the curves were virtually superimposable at each calcium concentration studied.
To test the Ca2' responsiveness of control and hypertrophied hearts, the calcium concentrationresponse relation was determined. Time to peak and time to 90% decline of the pressure and light tracings were plotted versus perfusate calcium concentration as shown in Figure 6 . The time to peak pressure was significantly longer in the hypertrophied hearts in 8 mM calcium, whereas time to 90% decline from peak pressure was prolonged at 1, 2, and 4 mM extracellular calcium. The times to peak of the calcium transients were similar in both groups, whereas the hypertrophied hearts demonstrated a prolonged time Table 2 . No differences in Ca2'i levels were detected between these two groups.
Discussion
One of the most important findings of this study is that the prolongation of the contractile state of the hypertrophied left ventricle, as seen in the upper right-hand panel of Figure 6 , correlates with prolongation of the intracellular calcium transient (lower right-hand panel of Figure 6 ). Our results confirm and extend those of isolated muscle studies that demonstrate temporal differences in the contractile function and calcium handling of hypertrophied myocardium. overload in the ferret7 and end-stage dilated and hypertrophic cardiomyopathy in humans. 16 However, this report is the first documentation of these abnormalities in calcium handling in left ventricular muscle of the intact heart. Similar findings have been shown in isolated human ventricular myocytes with the fluorescent Ca'+ indicator fura-2.17 Consistent with these findings, the velocity of shortening of isolated hypertrophied feline myocytes has been shown to be slow compared with nonhypertrophied controls, similar to findings in isolated muscle studies.1819 As discussed above, the aequorin-loaded whole-heart technique allows the study of left ventricular calcium regulation and contractile function in the presence of hypertrophy and disease states without the limitations posed by isolated muscle techniques. An advantage of this technique is that it allows investigators to examine beat-to-beat variability of intracellular calcium with each corresponding cardiac cycle. It was noted in this series of experiments that the aorticbanded animals exhibited a greater frequency of ectopy and required an increased stimulation voltage to achieve pacing (Figures 7 and 8) .
As shown in Figure 1 and the lower right-hand panel of Figure 6 , the aortic-banded pressure-over- 
